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* LISPIX is an image processing and analysis system consisting of a sub-system of image
processing commands implemented in FORTRAN and a collection of analysis algorithms
implemented in LISP. Examples are given of using the system for microanalysis
applications. The processing commands are useful alone for simple tasks. For analysis
applications, the LISP programming environment, for which the processing commands are
designed, allows rapid development of algorithms and a convenient way to use them.
Appendices contain definitions of the most useful commands as well as examples of the
LISP algorithms.

LISPIX: A LISP-BASED IMAGE ANALYSIS SYSTEM WITH APPLICATIONS TO MICROSCOPY

The need for LISPIX

In microbeam analysis, chemical morphological and structural information resides in
images obtained from various instruments such as the analytical electron microscope, the
electron microprobe and the ion microscope. We wish to automate the recognition of
various objects or regions of interest in these images and then automate measurements on
these regions.

Algorithms to perform object recognition are complex and under continual develop-
ment. An image analysis system needs on the one hand to be ablc to handlc these complex
algorithms and data structures with reasonable facility, and on the other hand, to provide
for large two-dimensional arrays (the images) and the fast, efficient algorithms that operate
on these arrays. ‘ v

For our microanalysis applications, we have developed a special hybrid system named
LISPIX after its historical counterpart (Orser et al., 1972). The major new feature of
LISPIX is the use of LISP for system control. LISPIX is implemented on our VAX*
computer and consists of a FORTRAN image processing system driven by LISP functions.
LISP is a powerful information processing language that was developed in the 1950s for
symbolic processing, and is used by the Artificial Intelligence community for such -

*The commercial equipment identified in this paper serves only to more fully describe the subject
discussed. In no case does this identification imply recommendation by the U.S. Government.
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applications as expert systems and vision research (Winston & Horn, 1984). It is designy
for processing symbols, as well as numbers, and for programming with lists of symbg)
numbers and complex lists of all of these—thus the name LISt Programming or LISp
LISP presents a good environment for algorithm development and helps us to be softwaré
compatible with those in Artificial Intelligence research.

LISPIX is designed for both image processing and image analysis. Image Processin,
results in another image for visual inspection or analysis,.while image analysis results ii
numeric or symbolic data describing the image. Image processing is often performed wig
the FORTRAN part alone (one command at a time), while image analysis is done with th
entire system, making extensive use of LISP functions. Image analysis may involy
measuring properties such as the size distribution of a field of particles or such g
determining the basis vectors that describe the spacings of electron diffraction spots. Thi
type of information is often useful if displayed graphically, so both parts of the LISPIy
system have graphics capability. N

The LISPIX system

The two parts of LISPIX serve two distinct purposes (see Fig. 1). The firg
(FORTRAN) part stores the images as arrays of integers and operates directly on them by
interpreting and executing the LISPIX commands. The second (LISP) part controls the
FORTRAN part, works with more abstract information, and is optional. Typing
commands on the keyboard is useful for some simple image processing tasks. LISP is useg
routinely to automatically send commands for data collection and analysis.

The first part consists mainly of the commands, hereafter called ‘LISPIX commands’
These LISPIX commands are incorporated into a simple image oriented programmirp
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Fig. 1. Block diagram of LISPIX system. LISPIX arrays are layered on each other, as far as the comman
are concerned. Coordinate systems are the same for arrays and display. The blob list is described.
Appendix I under ‘Image Analysis Commands’. The status information includes the default bounding

rectangle, the bounding rectangle of the image last read, the default image directory, and histories of the:
images in each array.
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janguage oF sub-system. This paper describes the commands in. detail and'gives exgmples of
their use- The commands manipulate the images as arrays of integers, pixel by plgel. The
ands operate on one or more of the arrays and result in one or more images in other
arrays. In these respects the commands are similar to other image processing systems
amura et al.; 1982; Landy ez al., 1984; Meinzer & Engelmann, 1984).

The syntax of the commands and the type of information return_ed are importapt as they
Lpecify the communication bgtween the two parts of the system. Since each part is large or
complex enough to warrant its own process (or computer.) It is very h;lpful 1o hav; only
short textual messages being passed between them. The division of the image analysis task
into TWO Parts also has the advantage of allowing each part to be performed by a computer
language well suited to that part. ) _ .

The syntax of a command consists of the command name followed by a simple list of

eters, as described in the command overview in Appendix 1. This system is adaptable
enough to facilitate adding new commands and simple enough to be easy to use. The
"command interpreter (Fig. 1) merely uses spaces to divide the command into i_ts parts, a_nd
ignores parentheses to make LISP control more convenient as well as to minimize typing
for keyboard control. The sub-system returns information from various commands in list
form which can be read either by an operator or by LISP functions. This is described in
more detail in the definitions of the commands given in Appendix II.

While some image processing operations are performed with single commands, all of the
image analysis algorithms are written as collections of LISP functions, each of which may
use several LISPIX commands. These functions make rare the times when an operator
must be concerned with explicit coordinates or specific image arrays. Some of the LISP
functions use commands to process an image, extract information or do graphics. The other
functions usually work in the LISP environment to process the information. A few of the
LISP functions used in the examples are given in Appendix III, but most of the LISP
functions are not described in this paper because they are specific to a particular application
and will appear in subsequent papers.

Advantages

Some other image processing systems are file based (Landy et al., 1984). They read an
image with history from a file, do operations, add the operations to the history, and store
the image and the new history. This is ideal for applications where the histories are routine,
uniform or relatively short, and the desired result is again an image. LISPIX can mimic
this process by generating a series of commands.

A series of fixed commands is adequate if no information from any command
(processing step) is needed for any subsequent command. However, algorithms for analysis
often use results from one processing step to guide the next. The image histories from these
algorithms (as in Examples 5 and 8 below) often become long and difficult to read. Due to

the power and expressiveness of LISP, the LISP functions themselves are the most compact
way to represent the analysis algorithms.

Inputs and outputs

Images are the input data for LISPIX. Our images are monochrome pictures
represented in the computer as two-dimensional numeric arrays. Each element or number
in the array corresponds to a pixel or small spot of the image. As shown in Fig. 1, a pixel at
location (i,7) corresponds to an element of one of the arrays, such as b3i,7).

Single commands often involve the simultaneous use of two or more arrays, and analysis
?lgorithms often use many commands. Thus it is advantageous to have a number of images
In memory at once. Depending on the application, our LISPIX image configurations are
typically six 512X512 pixel images or ninety-six 128x128 pixel images. The latter
configuration is used on some projects where many images are compared in one operation,
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such as when calculating the median, pixel by pixel, of a group of images, or calculanngu&i
Student’s 7 score for pixel by pixel differences in two groups of images.

Although each pixel corresponds to a two-byte (sixteen bit) integer, the real dyp
range for each pixel depends on the image source (see below). Individual images
monochrome in the usual sense in that we do not have colour cameras that give
monochrome unages for any field of view. However, with several of our 1nstrumems
single field of view can produce many monochrome images, each corresponding to
different imaginig mode or to a different chemical element.

The images arc transferred to LISPIX via the image processor or by disc files, O
image sources are:

(a) Analytical electron microscope. The analytical electron microscope (Hren et al., 197
a hybrid of the transmission electron microscope (TEM), scanning transmission electry
microscope (STEM) and scanning electron microscope (SEM), produces both scanned g
direct (optical) images. Direct images in the TEM image modes give high resolugy
morphology and crystal structure. Scanned images provide morphology and crygyy
structure with signals from electron detectors, while X-ray and electron energy. I
spectrometers provide signals for elemental maps. Digital images for all but the TEM mgy
are obtained directly from the computer that controls the microscope and the multiplexey
multichannel analyser that is connected to the above detectors for simultaneous imagingj,
several different modes. These images are usually 512X512 one byte pixels. TEM mog
images are obtained from a television camera focused on the phosphor. These images g
usually 512x512 one byte pixels.

(b) Television cameras. Images from various television cameras are digitizea vy o
DeAnza IP8400 i image processor. The images are 512X512 one or two byte pixels, Th:%
second byte of precision comes from a summation of 256 TV frames, each with one by[gj
pixels. Typically we retain one byte of premsmn for light microscope bright field imagy
and two bytes of precision for ion microscope images.

(¢) Electron probe. The electron probe microanalyser produces scanning images wit
various signals (secondary electrons, backscattered electrons and absorbed current) to revej
specimen physical structure, and characteristic X-ray signals 1o reveal specimen elemeiti
composition (Goldstein er al., 1981; Heinrich, 1981). Pixel values are X-ray count rate
There are always several images per sample, each image representing the count rates fory
given element. Both energy dispersive and wavelength dispersive detectors are used;
Because of the time required to get an adequate number of counts for each pixel, the imags
are usually 256 X256 pixels or smaller. The pixels have two bytes of precision.

(d) Optical drum scanner. This instrument scans negatives with a small spot of Lieht:
yielding high resolution images of various sizes, with one byte pixels.

() Zon microscope. The direct imaging ion microscope, a form of secondary ion s
spectrometer, produces mass- separated jon images on a fluorescent screen which followst
channel plate. A television camera views this screen.

Examples of LISPIX applied 1o microscope images

All of these examples are executed with LISP functions. Some are simple enough to b
done with the LISPIX commands directly, but even then the LISP functions serve &
documentation of what was done, and save substantial typing by the operator. Some.of
these LISP functions are described in Appendix III.

(1) Blemish elimination in electron probe blanks. Electron probe microanalyser X-1af
images show a pronounced defocusing effect at low magnification (Marinenko e al., 1986)
The instrument thus has a sensitivity that is non-uniform over the field of view, &
illustrated in Fig. 2, which is a 128X 128 pixel X-ray map of a pure chromium surface. The
contrast has been enhanced for display purposes. The very dark spots and lines are cauSﬂd
by pits and scratches. Except for these defects, this image could be used to correct
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sitivity for chromium concentration measurements in' d'at_a from samples .studied at the
sen ipstrument settings. This correction is done by dividing the sample images by the
ur: chromium image to form a ‘k value’ array for sub§equent mgtrix correcti_on. It is
difficult to obtain a blemish-free surface on z}ll occasions, but 1.f the blemishes are
sufficiently small or thin, they can be nearly eliminated with the me_dxan ﬁlter.' o
The change in sensitivity should be a smoothly varying fqnctlon of position in the
jmage, Seen 2 the bri_ght diffuse stripe that travels across the image from t}}e lower left
corner 10 the upper rlght.. The darker rectangular region to the' upper left is caused by
Comamination from a previous raster scan. Normally, another region would be chosen as a:

Fig. 2 Fig. 3

Fig. 4 Fig. 5
Fig. 2. Chromium X-ray map, 128x 128 pixels, polished chromium standard. Large square darker region at
the upper left: contamination from previous raster scan. Lines and spots: scratches and pits on surface.

Fig. 3. Figure 22 filtered with 7x7 median filter. Surface defects removed, edges of previous raster scan
Ppreserved. Annotation corresponds to Appendix II1, Example 1.

Fig. 4. Figure 2 filtered with 7X7 mean filter (normal smoothing). Defects are still visible, and edges of
Taster scan are blurred.

. T /. .
Fig. 5. Transmission light micrograph of asbestos fibres, with no contrast enhancement.
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standard region to avoid this area, but it is included here for comparing the characrerisn-m
of the mean and median filters. ’

Figures 3 and 4 show the results of smoothing the original with a 7X7 median filter ay
a 7X7 mean filter. The median filter has the desirable results of eliminating the Surfy
defects while leaving the larger features intact including the sharp edges of the raster g,
contaminated region to the upper left. The mean filter removes the pits but leaves a resig,
scratch that is twice as dark as that left by the median filter.

The contrast of all of the images has been enhanced to the same extent. The p,
intensities just inside and ouwside of the dark raster scan o the upper left differ by aby,
5%. As might be expected for relatively constant regions, the mean and median filtey
images for these regions as well as other regions outside the defects are essenti,
unchanged: the averages of representative areas differ from the original by less than 0-4,

(2) Background correction—iransmission optical microscopy. If a blank image is available f
transmission light or electron microscopic images, the sample images can be corrected f,
uneven background illumination and the camera sensitivity factor by dividing by the by
image.

Assuming linear detector response and using Beer’s law for each pixel,

I=L+A=*S (a

where [ 1s the pixel intensity, L is the illumination for that pixel light path, A 1s the fractiy
of light transmitted by the object and S is the sensitivity factor of the (linear) detector,
With no sample present, the pixel intensity, I, for the blank image is:

Iy=L*S (b)
Dividing Eq. (a) by Eq. (b) gives:
A=III (©

A is the desired intensity, to within a scaling factor that is constant for all pixels. Th
sample image may thus be corrected for variations in background illumination and detecte
sensitivity by dividing by the blank image.

Figure 5 is a transmission light micrograph of asbestos fibres, which is nearly white
the image has low contrast and has not been contrast enhanced. Often it is desirabie to s
the threshold for such images to select the objects, as has been done in Fig. 6. This figue
emphasizes the problem rhat uneven hackground illumination poses for analysis: th
background at the edges is darker than the objects at the centre so that objects near the
edges are completely missing. Figure 7 is the micrograph in Fig. 5 with the contray
enhanced to show the uneven background illumination. Figure 8 is the corrected imag
obtained by dividing Fig. 5 by a Dlauk Lmage, with the conrast enbanced as with Fig. 7
Figure 9 is the corrected image with the threshold set to select the fibres in the same way &

Fig. 6. Figure 5 with the threshold set to select the fibres. Fibres at periphery are lost due to uneva
background iliumination.

Fig. 7. Figure 5, contrast enhanced to show uneven background illumination.

Fig. 8. Figure 5, corrected by dividing by a blank image taken from a clear area of the microscope slide
Contrast enhanced.

Fig. 9. Figure 8 with threshold set to select fibres. Fibres are selected correctly (contrast with Fig. 6).
Fig. 10. Figure 5, corrected as with Fig. 8, except blank range image smoothed first to eliminate smdl

blemishes due to dust on clear area of microscope slide. Compare small spots in the background of this imagt
with those in Fig. 8 {(see text).
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Fig. 6. Fibres at the edges of the field of view are now selected along with those gt e
centre.

It was difficult to obtain a perfect blank image. The one used in getting Fig. 8 had g
spots due to camera defects. A slight misregistration, probably caused by small changesin
the focusing optics, offset the dark spots in the blank image and caused the artificiyy.
bright spots in the corrected image (Fig. 8). If the blank image is smoothed, in this ¢y
with a 17X 17 median filter, then the bright spots are eliminated in the corrected irnagg‘”,s
shown in Fig. 10. The trade off is that the spots that also appear in the blank image are y,
removed in this figure, while they are removed from Fig. 8.

Another example of correcting background illumination problems before setting g
threshold to select objects is illustrated by Figs 11 and 12. These are processed images df,a
transmission light micrograph of a reticle intended for size calibration. We want to selgy
the lines for application of the Hough transform, which maps lines into points (see EXamplé_
7). Figure 11 is the original micrograph, not corrected for background illumination, wﬁhﬁ
the threshold set in an attempt to isolate all of the lines. Figure 12 shows the propej
isolated lines of the image corrected for background illumination, again with the threshgj
set as in Fig. 11. An experimental background image was not available in this case, so g
was generated from the original image by using a maximum (rank=100%, see @
RANK_ FILTER command in Appendix III) filter with a kernel size that was a few retig
line spacings wide. '

(3) Spot selection. The top hat filter (Bright & Steel, 1987; also see Appendices I and 11)*
is useful for discriminating spots from extended objects, such as the rings and diffug
background in Fig. 13. This is an electron diffraction pattern, as photographed from th!
phosphor screen and digitized from the negative with the optical drum scanner. In orderg
measure the spot locations for crystallographic measurements, the spots need to be isolatef
from the rest of the image. Figure 14 shows the result of applying the top hat filter to thi
image, with parameters adjusted for spots of this size. The spots are now isolated and the
background has zero intensity. There are spots in this image that are obviously ng
diffraction spots, such as those along the edge of the beam stop. Such spots are removed it

Fig. 11 Fig. 12

Fig. 11. Transmission light micrograph of reticle. Threshold set 1o select lines. All lines are not prthl“f
selected due to uneven background illumination.

Fig. 12. Reticle image in Fig. 11 is divided by filtered version of itself (see text) to correct for unevel
background illumination. Threshold set to select the lines of the reticle.
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Fig. 13 Fig. 14
Fig. 13. Electron diffraction image with spots, diffuse background, rings and shadow of beam stop.

Fig. 14. Result of top hat filter applied to Fig. 13, leaving only spots.

subsequent analysis, along with the single spots from crystallites that do not fall into any
regular pattern. _

Sometimes the spots are objects to be eliminated rather than selected from an image.
Such is the case for Fig. 15, a light micrograph of asbestos fibres and contamination
particlcs that look like spots. The photograph i intended to be made into a template with a
calibrated fractional area of the image designated as fibre, thus it was desirable to remove
the spots from the photograph. Figure 16 shows the spots alone, after applying the top hat
filter with parameters adjusted to fit the majority of spots. Figure 17 shows the original with
the spots of Fig. 16 replaced with a background level obtained with the maximum filter.
The maximum filter approximates the background because the original is a bright field
image. The replacements were done with the MASK command.

(4) Selection of diffraction rings by averaging. Occasionally it is better to make a new
command than to use existing ones. A case in point is shown by the diffraction pattern in
Fig. 18. The top curve is an intensity profile taken along the straight horizontal line
through the centre of the pattern. The dim outer rings are often not distinguishable on the
intensity profile and when they are, it is due to the profile line fortuitously passing through
a diffraction spot on the ring. The bottom curve is an analogous type of plot, except that
each value-corresponds to an average of all pixels that lie on a circle centered on the beam.
The FORTRAN code to do this is simple and faster than using combinations of other
commands.

(5) Setting the threshold automatically 1o select one phase of an alloy. Figure 19 is a light
micrograph of a polished alloy surface showing two well-defined phases. In order to
characterize the sizes and shapes of the dark phase, these dark pixels must first be selected.
Uniform setting of the threshold is sufficient to do this, all pixels darker than a certain
value belong to the dark phase. The problem is to select the threshold intensity value 1.
Figure 20 shows two representative intensity profiles across the image. The brightness of
the two phases is distinctly different—any of a range of values for I, would separate the
two. Figure 21 shows pixels in this range as white and pixels less than that as black. The
Wwhite pixels correspond to edges of the dark phase regions in this example, and are not
Insignificant in number even though the edges are sharp. If the edges were not so sharp, the
edge pixels would represent an even greater area of the image. In any case, selection of I,
affects many properties of the phase regions, such as area, perimeter and connectivity.
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Fig. 15 Fig. 16

Fig. 17 Fig. 18
Fig. 15. Transmission light micrograph of asbestos fibres and particles.
Fig. 16. Contamination particles isalated from Fig. 15.
Fig. 17. Figure 15 with the contamination particles of Fig. 16 removed (see text).

Fig. 18. Electron diffraction pattern with intensity profile (top) along horizontal line as shown, and n
average profile (bottom) as described in the text.

Fig. 19. Light micrograph, polished alloy sample. Contrast enhanced.

Fig. 20. Figure 19 with two intensity profiles.

Fig. 21. Figure 19 with pixels of intensities between that of the dark phase and the light phase shown?_
white. )

Fig. 22. Magnitude of gradient of Fig. 19, with contrast enhanced for dispiay.
Fig. 23. Figure 22, but threshold set to show two intensity ranges.

Fig. 24. Figure 20, but with line across intensity praofiles showing selected threshold.
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In this example, since the edges of the phases are sharp, this characteristic alone cap
used 1o automatically select I, as described below. For a series of images, the vy
obtained in this way corresponded very closely to thresholds that were independ
chosen by two operators.

To automatically select I,, edges were enhanced with the GRADA command (a gradie
approximation; Rosenfeld, 1982; see Appendix II) as shown in Fig. 22, where the mo,
abrupt transitions from light to dark in the original image (Fig. 19) appear brighter i th
gradient image. Since this image has a range of brightness values, again a threshold must }y
chosen to select those pixels that correspond to edges. Figure 23 shows the results of twy
reasonable thresholds. Such thresholds are selected manually by the appearance of the
resulting lines—they should be thin and correspond to the edges in the image. T,
automatically select a threshold we use the DISTMAP command to measure the thickng
of the lines. The threshold is chosen such that, if lowered by one intensity unit, thé
maximum value of the distance map (half of the maximum thickness not counting the
centre pixel, if any) would increase from one to two pixel widths. That is, the threshold j
adusted by the computer (see Appendix TII, example 4) to get as many edge pixels 4
possible (by lowering the threshold) with the limitation that the maximum thickness of any
edge is only two pixels. The edge pixels are thus chosen from the gradient image. Theg
pixels form a mask for selection of the pixels with the same (3,7) from the original image
The average iuteusity of these (original) pixels is I,,. Figure 24 shows the intensity profilg
of Figure 20, with the lines superimposed to show / o

(6) Isolating edges to display crystal orientation. Figure 25 is a transmission ligh
micrograph of a glass with crystallite inclusions. To check for any preferred orientations o
the crystallites, a polar plot of the histogram of angles from the GRADS command Wi
made, similar to that of Smith (Smith et al., 1977) except that only edge pixels wer
included. Plotting the histogram for all image pixels, rather than only edge pixels, obscuref
the orientation effect for our images.

Figure 26 is the magnitude of the gradient of Fig. 25, where the threshold has been s
to select the brightest values, i.e. those that correspond to edges. This image 1s used t
mask or select out the corresponding pixels in Fig. 25, and the polar plot of the histogran
of these (edge) angles is shown in Fig. 27. The angle of the polar plot is the angle given by
the GRADS command while the radius is proportional to the number of pixels with tha
angle. The peaks in this plot are perpendicular to the edges of the crystallites, as seen i
Fig. 27.

(7) Line selection using GRADA*, HOUGH* and BLOBf commands. The Hough
transform (Pratt, 1978; Dyer, 1983) maps straight lines into points. If the lines are slightly
curved or have thickness, the points become spots. This transform is a useful step becaus
it is casier for algoritluns o locate and characterize spots than to locate and characteriz
lines.

We use the Hough transform in our electron microscope size calibration procedures
The task is to measure the line spacing of a well-characterized standard. such as the replic
of an optical diffraction grating. Figure 28 shows a transmission electron micrograph o
such a replica that has been shaded with a metal to emphasize the lines. The GRADA
command enhances the lines, as shown in Fig. 29. Since the HOUGH command works o1
binary images, the brightest 5% of the pixels are selected to represent the lines as shown it
Fig. 30. The HOUGH transform of this image is shown in Fig. 31. A threshold is again st
for the transformed image to select the spots. The positions of the spots are obtained with:

alyg
entj

*See appendix II.

1The term ‘blob’ is used in the image processing literature (Ferrari er al., 1984) and refers to a connectel
component or piece of an image (Winston & Horn, 1984).
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Fig. 27

Fig. 25. Transmission light micrograph of a glass section with embedded crystallites.

Fig. 26. Magnitude of gradient of Fig. 25, with threshold set 1o select edge pixels (of crystallites).

Fig. 27. Histogram of directions of gradients of edge pixels of Fig. 26, displayed as a polar plot with the
number of pixels giving the radius, and the angle of the GRADS command giving the angle. Polar plot is
superimposed on Fig. 25 for comparison.

BLOB and LVAL commands. The spot spacings correspond to the spacings of the lines of
Fig. 30, and thus of Fig. 28.

(8) Segmentation by blob selection. Isolation and characterization of individual regions of
dark alloy phase. An image can be segmented into connected or contiguous components or
blobs with the BLOB command (see Appendix II). This example uses the image of the two
pbase alloy in Example 5, where the threshold has already been found that classifies the
pixels into the groups corresponding to the two phases. Here, the BLOB command selects.
the dark pixels and separates them into blobs. Each blob corresponds to one region of the
dé}rk phase. Figure 32 shows a mask of one of the blobs. which can-be compared directly
with the corresponding region in Fig. 19.

Once the blobs are identified, they can be treated as separate objects and have their -
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Fig. 29
Fig. 28. Scanning transmission electron micrograph of shaded replica of optical grating.

Fig. 29. Magnitude of gradient of Fig. 28, contrast enhanced.

individual properties analysed. As an example, the blob mask in Fig. 32 is magnified and{
the part of the original image (Fig. 19) corresponding to it is shown in Fig. 33.

Counting the pixels in the mask gives the area of the blob. This does not yet include tj
areas of the holes. The holes in the blob can be excluded easily: the blob of the outline (Fjg!
34) with the largest bounding rectangle can be selected as the perimeter (Fig. 35), and the
the interior can be selected by applying the BLOB command to a binary image of t
perimeter. Here, as an alternative, the holes shown in Fig. 36 were selected one by one wi
the blob command and added back into the mask to give Fig. 37. Either method gives th
same result, except that the latter allows each hole to be evaluated separately. For son
applications, perhaps only small holes should be filled.

Fig. 30 Fig. 31
Fig. 30. Magnitude of gradient, with threshold set to select the 5% brightest pixels.

Fig. 31. HOUGH transform of Fig. 30: Spots correspond to lines in previous three figures.
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Fig. 32 Fig. 33

Fig. 34 Fig. 35

Fig. 32. Selected blob mask. From Fig. 19, with pixels selected with BLOB command, with the threshold
set to value shown in Fig. 24.

Fig. 33. Area of original image (Fig. 19) corresponding to mask of Fig. 32. Magnified x2.
Fig. 34. Outline of Fig. 32, using OUTLINE command. Magnified x2.

Fig. 35. Perimeter of area of Fig. 33. Largest connected piece (blob) of Fig. 34 (see text).

Counting all of the pixels of the outline (Fig. 34) gives a rough measure of the
perimeter. There are better definitions for perimeter, or the length of a digital curve;
however, Rosenfeld has noted that caution should be exercised in using any of them. “The
perimeter of an object often grows exponentially as the digitization becomes finer’
(Rosenfeld, 1982). From analytic geometry, the perimeter to area ratio is smallest for a
circle. For discrete objects such as images, such is not always the case: ‘In digital pictures,
depending on how the perimeter is measured, the square of the perimeter divided by the
area is smaller for certain octagons than for digitized circles’ (Rosenfeld, 1974).

The ‘Euclidian distance map (Danielsson, 1980) is useful for analysing shapes such as
that of Fig. 35. The value of the pixel in the distance map is equal to the distance (rounded
10 an integer) of the nearest background pixel. The distance map, along with the outline for
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Fig. 36 Fig. 37

Fig. 38 ' Fig. 39
Fig. 36. Masks of holes in original.
Fig. 37. Original mask with holes filled in.
Fig. 38. Distance map of Fig. 37 (see text).

Fig. 39. Ridge points of Fig. 38, shown with outline for reference. These points approximate skeletor
original shape.

Fig. 40. Jon microscope image where one spot was selected with an aperture on the instrument.

Fig. 41. Least significant byte of original two byte image, Fig. 40. Original now shown with extreme cont
enhancement (with lots of wrap-around). Extent of instrument imaging aperture is shown as white :
surrounding the spot.

Fig. 42. Original ion microscope image, contrast enhanced to show dark skirts, in an attempt to show ex
of blooming of spots. -

Fig. 43. Direction of gradient of image in Fig. 42. Directions are displayed as intensities as in Fig. 44. Es
of blooming of spots is easily seen.

Fig. 44. Polar plot of special function of direction (as intensity or radius) vs. angle that is useful
displaying the direction of the GRADS command, superimposed on the direction of gradient image f

Conc.
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Fig. 44
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clarity, is shown in Fig. 38. Note that the brightest points are those that are farthest oy
any point on the outline. Examination of the distance map helps to characterize Sha
Pixels approximating the skeleton of the blob are shown in Fig. 39. The values of
distance map for these pixels indicates how much of the blob consists of long thin 3rms°,
fat rounded parts. The skeleton approximation was determined from the distance my
pixels that are on a one or two pixel wide local maximum, horizontally or vertically, Sm
this skeleton approximation is still under evaluation, it is not given here as part of y;
LISPIX system. Skeletonization for image analysis of other types of metallurgical sampleg;
discussed in detail for a hexagonal array (Lantue]oul 1980), and a variety of methodsf
generating skeletons on square arrays appear in the literature (Pavlidis, 1982; Russ, 1984
Salario & Siy, 1984; Zhang & Suen, 1984; Arcelli & Di Baja, 1985).

(9) Detection of aperture in ion microscopic image. An aperture can be used in the i
microscope to select a portion of an image for intensity measurements. It was possible),
detect the extent of the aperture by displaying only the least significant byte of each pm
(this amounts to extreme brightness contrast enhancement). Figure 40 shows the orj
image of the spot where the aperture is not discernible. Figure 41, the least significant bYIt
of Fig. 40, shows the disc-shaped aperture as the white area surroundmg the spot.

(10) Determinarion of extent of blooming of spots in ion microscope images. Sometimes g
images of particles in the ion microscope show bloommg due to various mstrumem
effects. A display of the direction of the gradient of the image is useful for showmg 1]3«
extent of the blooming. Figure 42 shows an original ion microscope image of some particl
Figure 43 shows the direction of the gradient, displayed as explained below. Note that
extent of the spots is considerably larger than is evident from the original image.

Values of the direction of the gradient can vary from 0° to 360°. For an intuitive imag,
we use a function of the direction that has no abrupt changes in value for small changesi
direction, and that has equal brightness values for deviations for both clockwise y:
counter-clockwise deviations from the direction of maximum intensity (Appendix Il],
Example 3). Figure 44 shows the function used in this work, which displays peaks, suchg
the cone on which the plot is superimposed, as if they were illuminated from the upper left:
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"APPENDIX . COMMAND SYNTAX AND OVERVIEW OF LISPIX cOoMMANDS

Command syntax

The following command syntax is used because it is simple to implement. It has
remained unchanged even while the system has grown in size due to adding new
commands. LISPIX commands consist of one line with:

(a) a command name
(b) zero or more parameters
(c) an optional bounding rectangle.

All parts of the command are separated by spaces. The command interpreter divides the
command into its parts, keeping them in order. The command name determines the
operation to be done. This is implemented by having the first part determine which
subroutine to call to actually perform the command. The subroutines corresponding to each
command get all of the command parts, and interpret them according to their order as
defined below. '

The parameters can be image arrays, pixel values, pixel locations, scale factors or special
constants. Image arrays are referred to as letters (or pairs of letters for more than 26 image
arrays) to avoid confusion with other parameters.

The bounding rectangle is the area of the image on which the command will be
performed. The bounding rectangle is a list of four numbers (x1 yl x2 y2) giving the
coordinates of the lower left and upper right corner of the rectangle. If it is omitted, a
default rectangle is used. If the default has not been specified with the BDR command, it is
assumed to be the entire image.

Examples of commands are:
BDR 100 100 200 200
IADDabc
THRESH e d 58 255 10 10 20 20
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The BDR example sets the default bounding rectangle. The bounding rectangle g %
image area affected by subsequent commands. In this example it is the 101X10]1
square with the lower left-hand corner at (x,y)=(100,100) and the upper right-hand Cory,
at (x,y)=(200,200). The IADD example adds the image in array a to that in b, Pixe] |
pixel, and stores the result in array c. (The letters designating arrays are underlined iy
text for clarity.) The area operated on is whatever the default bounding rectangle is ap .
time, which can be anything from a single pixel to an entire 512X 512 pixel image. The e
example sets the thresholds for image ¢ to form a binary image in d. Pixels in d are 1 wp,
pixels in a are between 58 and 255, inclusive, and are zero otherwise. In this case, brig;,
objects are being selected, and 255 is the maximum image intensity. If dark objects Wereg
be chosen and zero were the minimum image intensity, the thresholds would be 0 ang 5§
The THRESH command in this example works on the 11X 11 pixel area with the loy,
left-hand corner at pixel 10,10. Pixels in array d that are outside this area are jy
unchanged. ‘

The LISPIX commands can be grouped by function: input/output, graphics, Processyy
and analysis.

Input/output commands. These commands are used for image storage. They do I,
pertain directly to the analysis algorithms, and will not be discussed here, except for ¢
following details which proved useful:

A two byte integer is not needed to store each pixel when the range of pixel valuesj
limited, as is often the case. Also, only portions (bounding rectangles) of the arrays g
sometimes stored or displayed. A small header is thus recorded with each image that giveg}
the type of image, the range of pixel values and the bounding rectangle of the imag
portion. This simplc schemc has rcmaincd satisfactory for scveral years. Using this hcadcf;j
analysis algorithms may read the size of an input image. Sometimes other image headers a
used for special purposes, such as recording instrument settings for later use by LIS?]
functions. The additional information in these headers is never used by LISPIX for readiy
and writing images. ’

A common format for recording 512x512x1 byte images is in 512 records of 512 byt
each. There is no information in the file except pixel information. Since this is such.
common type of format, there are special T.ISPIX commands to read and write the
images. They give compatibility with other image processing systems and save disc space:

Graphics and display commands. These commands are for graphics, image display an
annotation. Although they represent considerable work and are used often, they are mi
discussed here, except again for the following details which proved useful:

Image and graphics display devices often differ between sites, whereas FORTRAN am
LISP are available on a variety of virtual memory machines. The system therefore does &
much as possible in the host computer, and uses a minimum number of display and graphi
commands. This facilitates transfer of LISPIX to other systems with different disply
devices.

Useful graphic commands are those that write various simple geometric objects such#
lines, arcs, sectors and alphanumeric characters. These are used for outlining objects, fit
displaying intensity profiles and for annotating images. Since we record many images &
film, annotation of each image including subject, source, time and date are essential.

We routinely have an image displayed in one colour (green works best) and graph
displayed in another colour. Since it is difficult to publish in colour, we use a command thﬂz
takes the image in one array, the graphics in a second array and forms a combinatios
Figures 27 and 44 were made using this command. The image is left unchanged exce
where covered by the graphics, which is white with a one-pixel-thick black border.

Processing. Processing commands have an image as a result. The simplest group dﬂ
uniform pixel operations, that is, they operate on each pixel independently of the othd
pixels. They include the threshold setting, arithmetic and logical operations.
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o Single pixel LISPIX commands.

Command Description
THRESH set the threshold—gives a binary image
ISUB integer subtraction
IDIV integer division
SDIV scaled integer division
SCALEL scalc image to have a given maximum value
MASK transfer image pixel if mask pixel is within threshold

The THRESH command (explained in the example above) is often used to segment an
jmage int0 object pixels and background pixels. Even p;esuming a uniform constant
packground, this is a very often used but error-prone operation. Objects are often different
in intensity from the background, but the edges are usually thick, and different thresholds
will select different proportions of the edge. Sometimes an algorithm can be used to reliably
select the threshold (Example 5) but other times the threshold must be chosen by the
operator who decides what is object and what is background.

ISUB is used to remove background-level intensity where appropriate. This is used for
inages from the ion microscope, where there is some additive background signal from both
the channel plate detector and the television camera.

SCALE is used to change the dynamic range of an image for display, and for
multiplication and division since integer arithmetic is used for these operations.

Division is appropriate for transmission light microscope images that need correction for
uneven illumination (see Example 2). The commands that perform division are IDIV and
SDIV. Since division by zero is not defined and images, especially at the boundaries, often
nave pixels with value zero, both commands actually replace the zero values of the divisor
pixels with unity. The IDIV command is often awkward to use, requiring proper scaling of
the numerator image so that the quotient image will have sufficient dynamic range. The
SDIV takes care of that by truncating the quotient values to integers only after they have
heen scaled to 2 maximum value of 255, the maximum value that can be displayed. Division
and multiplication are appropriate in special cases for scaling images (Appendix III,
Example 1).

The MASK command extracts objects in an image by copying only the image pixels that
corrcspond to mask pixels. In binary images, mask pixels have unity valne whereas
background pixels have zero value. Masks usually correspond to objects in shape and are
usually obtained by setting the threshold of an image or using the BLOB command.

(2) Other uniform pixel commands. These LISPIX commands are used frequently, but
not as often as the previous ones:

Command Description

IMUL integer multiplication

FILL fill bounding rectangle with pixels of given value
IADD integer add

IABS absolute value

IMAX maximum value

IMIN minimum valuc

SQRT square root (truncated to integer value)

LOG logarithm (truncated to integer value)

The IMUL is used occasionally, for example, to enhance the diffusion region between
two adjacent phases. When each of two elements in two registered electron probe images is
abundant in one phase but not in the other, the diffusion region with both elements will
have higher values in the product image than either phase.

The JADD command has several uses. The most common one is to collect separate
parts or areas of an image together by successively adding them to an ‘accumulator’ image
array. Examples of this are: (a) collecting all of the blobs (or blob masks) together, (b)
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filling in holes in a mask (Example 8) and (c) filling in holes in images with a synthes,,
background (Example 3). There is a copy command that might seem to be the logical chojg,
for these operations, however the copy command moves the entire bounding rectang),
blank or zero areas and all. Where objects have overlapping bounding rectangles, uge 01
copy results in partial erasure of one of the objects or masks.

Some of the images come from the image processor to the LISPIX system in the forig
two one-byte images. IADD is also used to add the upper and lower bytes together (ugiug
ishift appropriately) to form a two-byte image.

The IABS command is used for displaying deviations where only the magnitude of y,
deviation is important. Otherwise, when scaled for display, the zero pixels are assigneg
grey value, the most negative pixels are displayed as black and the most positive ones 4
white. After using IABS, the zero deviation pixels are black and the ones with larg;
negative or positive deviations are white. This is also used to display the direction imag,
from a gradient calculation, where the values range from 0° to 360°. To avoid having a
abrupt intensity change for the small change in angle at 0°, the angles are shifted to rang
from —180° to 180°, and the absolute values are displayed (see Fig. 44 and also Append;
I, Example 3, line 10).

The IMAX and IMIN commands have been used to get a background intensity imag
from two or more images where the objects do not overlap so that a background leve]
available for each pixel in at least one of the images.

The SQRT and LOG commands are sometimes used to compress certain intensip
ranges for display, when manipulation of the display intensity look-up tables will pg
suffice. This is sometimes the case because the dynamic range of the display device is 0
255, but the dynamic range of the image arrays is —32,768 to 32,767. ’

(3) Movement and distortion. All of these commands move a pixel to a differey
position, rather than change its value.

Command Description
MAG_ BILIN x and y stretch or shrink*
MAG_NN x and y stretch or shrinkt
ROTATE BILIN rotate about a given centre point*
ROTATE__NN rolate about a given centre puint]
SHRINK decrease image size
TRANS translation

The MAG__BILIN and MAG NN commands will stretch (or shrink) an image in the
horizontal and vertical directions from a given centre. This has been used where the aspec
ratio of images has been changed in transferring from one system to another, or wher
objects with slightly different aspect ratios must be overlapped.

The ROTATE__ BILIN and ROTATE NN commands will rotate an image by a given
angle about a given centre. This has been used to align images.

The SHRINK command reduces the resolution and size of an image by averaging an
nXn pixel square and putting the rounded mean value in one pixel. This has been used to
curt processing time on an image, and to increase the effective range of some of the gradient
commands. This can be appropriate for processing objects that are fuzzy in the origind
image, that is when there are more pixels per object than is justified by the instruments!
resolution.

The TRANS command moves a portion of an image specified by the bounding rectangle

to a new location. This is used for aligning images and for displaying several small images at
one time.

fam A ey~ o o T NISURSRI. (g
(4) Window commands. Th

usc relations Letween tie ucighibowing pixcls
within a window centered on a given pixel in an input image. The result of arithmetic
*Bilinear interpolation.
1Nearest neighbour interpolation.
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cations on the pixels in this window are placed in the output image in the corresponding

op eition to the given pixel in the input image. The OUTLINE command uses only a 3X3

j.;el window. The other commands can use larger square wi.ndows spegiﬁed by a w@dth

arameters W, for a window 2w+1 pixels on an edge. When using t.hese_ Wmdo‘ws a w width

ixel border inside the current bounding rectangle of the resulting image is undefined.
Undefined pixels are left unchanged.

Command Description
MEAN__FILTER average value of window
MEDIAN_ FILTER median of window
RANK__ FILTER min, max or selected rank of window
TOP__HAT specialized top hat, spot isolating filter
CONVOLVE convolution
OUTLINE outline of masks

Smoothing, or low pass filtering, is often done with the MEAN FILTER command
(Rosenfeld & Kak, 1982) and is a special case of convolving. We use it fairly infrequently.

The MEDIAN__ FILTER has been particularly useful in eliminating scratches from
X-ray maps of standards. The standard maps are used to correct for changes in instrument
sensitivity over the field of view, and scratches and small surface defects of the standard
sample deteriorate the results. We usc a median filter with w roughly equal to the width in
pixels of the widest scratch to be eliminated (see Example 1). We also prefer the median
filter over the mean filter because the median filter is much less sensitive to ‘single pixel
noise (salt and pepper noise) and preserves edges better (Pratt, 1978).

The RANK__FILTER command, a generalized version of the MEDIAN FILTER
command, is useful as a maximum or minimum filter for reconstructing a background
image (see Example 2).

TOP__HAT, the top hat filter, is used for isolating spots. The spots have been either
items for selection, such as electron diffraction spots, or items for removal, such as dust
spots from images of fibres (Example 3). The top hat filter is an example of a gated template
(Rosenfeld, 1984, p. 266) that has the form of a disc surrounded by a ring. Pixels from the
sriginal image are transferred to the filtered image only if the largest pixel value in the disc
=xceeds the largest in the ring by a given tolerance.

The CONVOLVE command can have a variety of results depending on what the kernel
values are (see Prart, 1978, p. 319). The convolution operations are mentioned here because
they are commonly used elsewhere. We do not use them, primarily because they seem to
blur more than they reduce noise. Convolutions are often used to take Laplacians and
directional derivatives or gradients (Pratt, 1978). These operations are used to advantage for
image enhancement, but for our analysis procedures, we prefer non-linear filters and
specialized gradient commands.

The OUTLINE command gives edges of masks (binary images). The edges themselves

are masks, and are contiguous (four-connected). The four-connected property means that
the BLOB command will give one blob for each edge.

(5) Gradients or edge enhancers.

Command Description
GRADA fast approximation of magnitude of gradient
GRADS magnitude and direction or gradient

These gradient commands calculate the changes in intensity between neighbouring
pixels. Like the window commands above, the gradicnt commands also look at values of
neighbouring pixels, but only the neighbours directly above, below and to both sides.

The magnitude images of both GRADA (Rosenfeld & Kak, 1982) and GRADS (Smith
€ al., 1977) look much the same, although they are calculated differently (Appendix II).
They are both useful in enhancing edges of objects, as in Figs. 22 and 29.
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The direction image of the GRADS command can be used to detect orientation effe
by tallying the orientations of edge pixels (see Example 6) and is sometimes useful a8
processing operation for enhancing regions of low intensity or for showing the total eXtey
of objects with fuzzy edges (Fig. 43).

(6) Tiausforins. The following transforms are used on binary images, where the di\’isi'qn
between object and background pixels has already been made. The results are grey seal;
(multi-valued) images.

Command Description
HOUGH Hough transform
DISTMAP Euclidian distance map

The Hough transform maps lines into points, or, for our images, it maps long, thy;
objects into blobs or dots. The resulting image from this transform is used to detect these
objects in several applications and measure their spacings (see Example 7). The transform‘};"
discussed in the image processing literature (Pratt, 1978; Rosenfeld & Kak, 1982; Dvey;.
1983). :

The DISTMAP command (Euclidian distance map) gives the shortest distance from i@
object pixel to the background. The values are all zero outside the object. This map i
useful for measurements on complex shapes (see Example 8).

Analysis command. Segmentation with the BLOB command.

Command Description
BLOB segments image into blobs

The BLOB command divides a binary image into groups of mutually contiguous pixels;
or blobs, and background (Kirsch, 1971; Winston & Horn, 1984). Each pixel in a blob
adjacent on at least one of the four sides to another pixel of the same blob. Under the right
conditions, these blobs correspond to objects of interest in the image. The BLOB command
is often not executed with an original image but with one that has been transformed wit
the GRADA, TOP HAT or HOUGH commands. For example, the BLOB command wis
used on Fig. 31 to extract the spot positions that correspond with the linc spacings of Fig.
28. Several intermediate images were involved in producing Fig. 31 from Fig. 28.

This segmentation using BLOB reduces the image to a set of objects rather than a much
larger set of object pixels. The blobs are often the items used in the LISP image analvsi
algorithms.

Information summary commands
Information about an image is passed to the LISP algorithms with these commands:

Command Information returned to Lisp
BAREAS list of all blob arcas, sortcd largest first
HIST histogram
LIMITS minimum and maximum value within a bounding rectangle
LVAL BLIST a list of blob properties (area, maximum value, etc.)
LSTATUS number of blobs, image directory or default bounding rectangle
SLINE values along an intensity profile

The most often used commands give information about blobs, and are used immediately
after the BLOB command is used: BAREAS, LVAL and LSTATUS. BAREAS (blob
arcas) rcturns a list of all of tie biob areas, largest first. LSTATUS BLIST returns a couﬂf
of all blobs greater than the given area. LVAL BLIST returns a list of information about#
specific blob. Both LSTATUS and LVAL have other uses—the BLIST key word specifies
information kept in the blob list (Fig. 1).

This is an example of the information on a single blob (number 4) that is retrieved from
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blob list with the LVA‘L BLIST commandﬁ_ typed as LVAL BLIST 4: o
((area 59793 (s num 1) {bdr (4 4 80 80)) (thresh (10 255)) (,}‘ x v(30 »30)») (x v 30)
s v@adnin ¥ 10} {av v 12.97) (sigma 10.49) (¢ mass (41.54 41.54}) (unique 1))
“The serial number or id:entiﬁcation number, € pum, is_arb@trgry_l?ut ppiq_’ue for each
blob. Every pixei of the biob I8 set 1o this vaiug (see Appendix IT) fqr identification and oz
gse with e MASK. command 10 extract a singie biob from an image. The ares 1s the
pumber of pixels in the blob. The bounding rectangie is the blob location given as the lower
Jeft and upper right-hand corpers of the bounding rectanagle of the blob. Thresk: is the
BLOE command intensity range. L x v, x v, , n vandn v are the locatipns anc’{
values of the maximuimn and minungm pixeis of the blp":: The roundec¢ mean va.!ﬁmf anc
smndard devialon f;ti?e square root of th¢ variance, see Natrelj'a,, i‘)?j} of_;ne biok px'xei,si ars
giver: as av v and sigma. C mass is the average pixel jocation of an object, weighted bv
iz & centre of ‘mass’. /The centroi¢, which 1£ e average pixe:
jocanon Witk egual pixel weights. can be obtained Irom: Wi ¢ Inass oF the mask o Wid
obiect, sirce ali ot the pixeis heve equai weighl.) The upnioue parameter 1g ‘1" il thers are ne
other biobs ir: ihe same bounding rectangis ior the same threspoids. It this condiuon hoids.
ther: the Diot: can be reconstructed with the faster THRESE command. rathe: than with
the BLOE comimand. Thiv iy usefu! because i is usualiy mole eCONOIMIKE WG TECORSITUCE
blob masks when necessary rather than 1o store then:.

HIST returns & histogram. We use this occasionally to determine the median values of
image areas. tc count pixels within a given intensity range, or to quickiy find an intensity
range that includes, say, the 5% brightest pixels.

LIMITS returns the maximum and minimum values of an image.

SLINE returns a list of pixel values along a straight line. This is usually used for
plotuing intensity profiles.

the

pixei iptensitv and thus

Special purpose commands

Sometimes 1t 1S appropriate to write a special purpose command rather than use other
commands withir LISF functions. The rings command is an example of this (see Example
4j, where the FORTRAN code is partcuiariy simpie (whick 1s not the case for the
FORTRAN equivalent of most LISP functions) and much faster thar using combinations
of existing commands, The system 1s organized so that new commands can be easily
inserted into the system:.

APPENDIX 11. DEFINITIONS OF LISPIX comMmANDSs

Introductior:
Thas

v, commant LAmes are i upper

and everv pixel is inciuded. For clarity, the bounding rectangle is not included in the
definition—the default bounding rectangle applies.

For window operations, the boundary of the image is commonly excluded. This is the
Case for all commands that have a width parameter, w, in the given definition, where the
excluded boundary is w pixels wide. For example, consider a full 512Xx512 pixel tmage in
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the input array a. The range of the indices for the operation would then be:

1=1+w...512—w
j=l14+w...512—w

The first w and last w columns and rows of pixels are excluded from the operation, T}
corresponding pixels in the output matrix are left unchanged.

The letter ‘@’ is replaced with an integer when using the system, and has been used hey
only for clarity. Otherwise, all of the example command statements can be used as they
appear in the text. The ‘##:” prompt is reproduced in front of these statements to mg),
them stand out.

Unless specified, an array may be used more than once, for example:

##: IADDaaa
or

##: IADD fcf
is allowed, as is

##: IADDabc

The first command will double the values in a, the second command will add the valuesj
¢ to £, while the last command replaces the values in ¢ with the sums of the respectiv
values in a and b.

Definitions

The definitions are given in FORTRAN like notation. The commands are implementeg
in FORTRAN.

##: BLOB a b 100 200
Every &(3,7) is a given the identification number of the blob for which it is a meaiber,
if a(i,7) is within the threshold range, i.e. if 100 <a(i,;) <200. Otherwise, b(1,7) is set
to zero.
A blob is a set of pixels that are four-neighbour continuous, that is every pixel of the
blob is adjacent on the top, bottom, left or right, to at least one other pixel of th
blob. :
Although the eight-neighbourhood (the four-neighbourhood plus the four corner
pixels) is often used (Winston & Horn, 1984), LISPIX uses the four neighbourhood to
avoid ambiguous conditions that can occur with the eight-neighbourhood: a diagonal
line with pixels touching only at the corners would be an object, and two such objects
can cross ‘x’ fashion yet both remain connected. Normally, one of these stringy
objects would have to break as it passes under the other. A four-connected obiject
implies an eight-connected background, and vice versa. If background areas such as
individual holes in objects are if interest, the blob command can momentarily treat the
holes as objects (and the object as background) so that the holds are four-connected.
This is rarely an issue in the laboratory because we avoid expérimental conditions
resulting in objects only one pixel thick.
The blob algorithm involves scanning the image once to label the pixels while keeping
track of equivalent labels, and the scanning the output image again to change labe'
where necessary so that each label is unique to a blob (Winston & Horn, 1984, |
163).

##: CONVOLVE a b

b(i, )=, a(i+1,j+m)=k(l,m)
I=—w,w

m=-—w,w
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Exclude a border, width w, of pixels in b inside the bounding rectangle.

L is the convolution kernel, written by LISP from a library of kernels, or generateed
by 2 LISP function as needed. w is determined automatically from the size of k. For
discussions of convolutions of this type, see Pratt (1978, p. 319) and Rosenfeld & Kak
(1982, p- 24).

DISTAMP a b 30 55
Let object pixels in a be object pixels if

30 <a(i,j) <55

and background pixels otherwise. Then b(i,j) is given the integer value of the
Fuclidian distance (straight line distance) from the centre of a(i,j) to the centre of the
nearest background pixel in a. The algorithm, 8SED, is given by Danielsson (1980).

FILL a 33
a(i,7)=33
The value assigned to the pixels can be an integer value from —32,768 to 32,767.

GRADA ab
GRADA and GRADS use the four-neighbourhood. The following notation helps
clarify the definitions of these commands.

n2
n3 p 1

nd
where p is the centre pixel intensity, a(i,j), and nl, n2, 23, and n4 are the
neighbouring pixel intensities:

a(i+1,j), a(i,j+1), a@G—=1,7), a(t,j—1).
GRADA, from Rosenfeld & Kak (1982), is defined as:
b(i,j)=max(|nl~n3|,|n2—nd|)

where |x| is the absolute value of x and where max(x,y) returns either x or y,

whichever is greater. This is a fast approximation to the magnitude of the gradient
that we use most often.

GRADS abc
From Smith et al. (1977). b receives the magnitude values and ¢ the direction values
in degrees:

b@,H=int(sqri{(nl—n3)**2+(n2—n4)**2))

c(i,/)=int(atand2d(n2—n4) ,(ni—n3))
and, if ¢(3,7)=0, then c(i,j)—360A

where atan2d(y, x)=arctan(y/x) where the signs of the numerator and denominator are
taken into account to give angles over a full circle. Zero degree values have been
replaced with the equivalent 360°, to distinguish them from zero value background
pixels. Int(x) is the truncated integer value of x, and sqrt(x) is the square root of x.
HIST a

Returns a list giving the value and the number of pixels having that value. For
example, if the bounding rectangle is 1 1 10 10 and there are twenty pixels with
intensity 100, thirty pixels with intensity 150, and the rest with intensity zero, then
HIST returns the list:

((0 50) (100 20) (150 30))
as the histogram.
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HOUGH a b

This command puts in b the Hough transform (a specialized histogram) of the bigy,
image in a. The transform has the effect of mapping a point in a into a SinUSOida];
curve in b but the cumulative effect is for straight line segments in a 10 be Mappy
into points or dots in b.

The algorithm and coordinate systems used are very similar to those by Dyer (19g,
but have been optimized for our 512512 byte images. For this transform only, !
origin of the image in a, is at the centre, C, of the array, i.e. at a(256,256). Considera
line segment L in a, and the perpendicular line P from L or its extensions to the
centre. The length of P is the distance from L to C and is represented as the ording;
in array b. This length can be negative if the intersection of L and P is bely
C—values range from —225 pixels to 256 pixels in steps of one pixel. The anglep
makes with the abscissa is represented as the abscissa in b—and ranges from
179-5° in steps of 0-5°. ,

The bounding rectangle applies to a as needed, but is usually 1 1 512 512. Due to t
change in coordinate systems, the bounding rectangle does not apply at all to b.
For every non-zero pixel in 2, a pixel in every column of b is incremented as follows,
For each non-zero a(v,w), for i=0, 0'5, 1, ... 179-5:

increment b(7,7) if 1 <j<512, where

7=256+1int((v—256)*cos(1/2) + (w—256)*sin(i/2))

IMustrated examples of this transform are given in the literature (Pratt, 1978, p. 524
Dyer, 1983).

IABSab
b(i,j)=abs(a(i,}))
IADDabec
c(i,)=a(1,j)+b(,5)
IDIVabec

c(i,j)=a(1,/)/max(1,b(1,7))

The maximum function in the denomimator replaces zero b values with unity (integer
arithmetic is used) to avoid dividing by zero and still preserve essentially all of the
brightness range of the image in b and therefore in ¢. For example a 0-255 brightnes
range is treated as if it were 1-253, a distortion that is not visible on any image (Russ,
1986). To date, there has not been a situation where this method of handling zer
values in the divisor image has given problems.

IMAGE_BDR

Returns the bounding rectangle of the last image read into the system, e.g. (1 1 256
256) tor quarter sized images.

IMAX abec
c(i,j)=max(a(, ), b(,5))
IMINabc
¢(,/)=min(a(3,7),b(,7))
IMCLabe
c(t:1)=a(1,7)*b(,j)
ISUBabec

(L, y=a(i,j)—b(,7)
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LIMITS a .
Returns the minimum and maximum of all a(i, ;)

LOGab 25
b(i,/)=int(25+log(min 1,(a(%,))))

If any pixels in a are less than one, they are replaced with unity, and a message is sent
to the terminal after the operation is complete. The logarithm of the a element is then
taken to base ten, multiplied by a scale factor, and truncated to an integer. In this case
the scale factor is 25. The scale factor can be real. It defaults to 50 if it is not given.

LVAL BLIST 2
This returns a list of properties of the second largest blob. The properties are
described in the text.

LVAL a 100 100
This returns the value of a(100,100), the intensity of a single pixel.

MAG_ NN ab 255128 1.10.9

This command is used either as MAG__ NN, which does nearest neighbour or zero
order interpolation (Rosenfeld & Kak, 1982, p. 35), or as MAG__ BILIN which does
bilinear interpolation. This command example applies an x stretch of 10% and a y
shrink of 10% to the image in a, centered around the coordinate (255,128). That is,
most pixels are wmoved, but ¢(255,128) at least, will be directly transferred to
b(255,128). For the nearest neighbour interpolation:

b(3,7)=a(255+ (1—255)/1.1,128+7—-128)/0.9)

The bounding rectangle applies only to b for this command, where usually it applies
to either a or all arrays involved. If any coordinate calculated for a are out of the range
of 1-512, then b(1,7)=0.

Formulas for the bilinear interpolation and other methods are given by Rosenfeld &
Kak (1982, p. 35) or Pratt (1978, p. 113). These methods tend to smooth the images,
giving a more pleasing visual effect. All interpolation methods degrade the image to
some degree. The nearest neighbour interpolation will sometimes introduce intensity
steps, while the bilinear interpolation has a slight blurring effect. We tend to use the

nearest neighbour interpolation to avoid the blurring from the other interpolation
methods.

MASK a b c 10 255
c(1,f)=a(i,j) if 10 <b(i,7)<255

¢(1,7)=0 otherwise

MEAN_FILTER ab w

b(i,5) gets the mean value of all a pixels in the square centered on a(4,7) that extends
outward w pixels on each side of a(i,7). This is a mathematically special case of
CONVOLVE, written separately for convenience and speed—a sliding window is
used, that is similar to the median filter algorithm (Huang et al., 1979).

MEDIAN FILTERabw
b(i,j) gets the median value of all 2 in the square centered on a(i,f) that extends

outward w pixels on each'side of a(,7). An efficient algorithm is used (Huang et al.,
1979).

OUTLINE a b
b(,7)=1
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if a(i,7)=1 and any of the eight neighbours of a(1,j) are zero, or if a(i,7) falls on e
bounding rectangle. The eight neighbours, include the four pixels at each corner ¢
the pixel at (1,7). )

PIXEL MEANagh4.0i10

This and the other two commands starting with ‘pixel’ are meant for use with a larg
number of smail images, thus the letters denoting image arrays go beyond ¢. h(3,j);
given the rounded mean value of a(i,f), b(i,j),. .., g(i,j) after the value has bee
multiplied by 4.0 and rounded to an integer. i(s,5) is given the standard deviat
(square root of the variance) of the same pixels after the value has been multiplied i
10 and rounded to an integer.

PIXEL MEDIANahim
The first two letters define the range of input arrays as with the PIXEL MEA)
command. The second two letters must include five arrays, which get the minimugp

value, the first quartile value, the median, the third quartile value and the maximug;
value, respectively. -

PIXEL Talb103c1d103e10

This command compares, pixel by pixel, the means of two groups of images (given by
PIXEL MEAN) with Student’s ¢ test. The pixel values are multiplied by the scale
factors before performing the caiculation or storing the ¢ score. a and b are the arrays
for the mean and standard deviations of group 1 and are followed by their scale factors
and the number (three in this example) of images in the group. The next five
parameters are the analogous values for the group 2 images. ¢ receives the ¢ value from

- the Student’s ¢ calculation, after being multiplied by the scale factor that follows (10 i

this case).

RANK_FILTER a b w 90

b(i,f) gets the 90 percentile value of all a in the square centered on a(z,7) that extenar
outward w pixels on each side of a(z,7).

Any percentile from 0 to 100 can be used. With percentile zero, this might be called s
minimum filter, and with 100, a maximum filter (see Example 2).

ROTATE NN ab 200 250 10-5
The interpolation options are the same as with the MAG__commands. This example
places into b, the image in a, rotated counter-clockwise by 10-5° about the 2(200,250);
using nearest neighbour interpolation.
b, )=a(x,y)

where, replacing the centre point, ¢(200,250), with a(xc,sc), and replacing the angle,
10.5, with ¢:

1=nint((x—xc)*cos(g) — (y—yc)*sin(g) + xc)

j=nint((x—xc)*sin(g)+{y—yc)*cos(g)+yc)

For the coordinate transformation equations, see (Goldstein, 1950).

“and where, since the bounding rectangle applies to a(x,y), b(i,/)=0 whenever i orj

falls outside the range 1-512

SCALE a b 200

The image in a is transferred to b with the dynamic range changed linearly so that the
minimum value of all b(1,7) is zero and the maximum is 200.

In general, let 200 be max v, and let min _a and max_a, respectively, be the
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minimum and maximum values for al a(i,7). Then,
b(i,7)=(a(i,))—min__a)*max_v/(max__a—min__a)

If max__v is Dot given, it defaults to 225 for display purposes. If all a(s,j) are zero, the
'D is filled with zeros. If all a(i,j) are the same value, then b is filled with max_v.

SDIVaD ¢ -
First, if b(7)<1, then b(i,7)=1.

Then, let max__v be the maximum value for all a(, 7)/b@,7). Then,
c(1,7)=int((a(1,7)/b(,7))*255/max__v)

Zero values of the denominator are replaced with unity as with IDIV. The image in ¢
is scaled to 255 for display.

SHRINK a b 4

This command is used to reduce the size and resolution of an image. The shrink factor
can be any integer. For the case here, with a factor of four, each pixel in bis given the
rounded mean value of the pixels in a in the 4X4 pixel square that the b pixel would
cover if the b image were expanded about the lower left-hand corner of the image by a
factor of four.

SLINE a 100 100200 200

This command returns values to LISP from a that lie along the line from point
(100,100) to point (200,200). The pixels are chosen as follows: Depending on which
will have the greatest range, either i or j is stepped by one from the value in the first
coordinate to the value in the second. The other ifdex is calculated from the equation
for a straight line with the two given coordinates as end points.

SQRT a b 30°5
This seldom used command gives the square root of the pixel intensities, rounded to
the nearest integer.

b(1,/)=1int(30-5* sqri(b(1,5)))

A scale factor, 30'5 in this case, is used for avoiding loss of precision when taking
square roots of smaller values.

THRESH a b 200 255
b(i,7)=1 if 200 <a(i,j)<255
b(1,7)=0 otherwise

TOP HAT ab 254610

This is a specialized gated filter for isolating compact objects (Bright & Steel, 1987).
For a discussion on gated filters, see Rosenfeld (1984, p. 266). A template is generated
using the three numbers—the radius of the inner circle (here 2-5 pixels), the radius of
the outer circle (here 4-6 pixels) and a threshold value (10 intensity units). As with
other window commands, a border is excluded. The border has width 5 in this case,
as the outer circle will include pixels this distance away.

b(1,7)=a(i,j) if pass condition is met

b(i,7)=0 otherwise
The pass condition is that the maximum value of the (centres of the) pixels inside the
inner circle, less the maximum value of the pixels outside this circle but inside the

outer circle, must be greater than the threshold. The two circles are centred on the
centre of the pixel. The indices of the neighbouring pixels are the positions of their
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centres.

##: TRANS a b 300 400 200 200
This command translates pixels in the bounding rectangle of a to b:

b(i,j)=a(1—100,7—200)

where the four numbers, x1 y1 x2 y2, in the example are the example coordinate ;,
destination coordinate. The coordinates need not lie in the bounding rectangle, b
are used only to calculate the shifts. If the shifts make an index out of range, b(j, Y

APPENDIX 11I. SAMPLE LISP FuncTIONS

The first three examples are some of the LISP functions used to generate figures ig g
paper. These are good examples of image processing tasks. The power of the LISP langy,,
is little uscd, and no imagc analysis is donc—the functions arc mcrcly scquences
commands. The functions do serve to show how the commands are combined to achieve
desired images, and how the LISP functions can be organized to split the processing
into meaningful parts. The fourth example is more complex, and shows some advantages;
using LISP by using a few LISP functions to control the analysis.

The first line (starting with' ‘defun’) always names the function and its input. An g
parenthesis followed immediately by a close parenthesis means that the function requires;
input as with Examples 1 and 2. The lines that follow the first line usually consist of
call to a LISP function. The function calls are an open parenthesis, the function name,
input and a close parenthesis. Sotiie of these calls are nested. Most of the function calls g
‘s’ (for send), which takes the input and sends it to the FORTRAN LISPIX sub-system
a command. In other words, ‘(s ‘(I:DIV‘a b a))’ in a LISP function replaces typing ‘IDIy
b 2’ directly as a command. (Lispix is not case sensitive. The commands are printed
upper case for clarity.)

The third example, ‘disp direction’, has commas preceding some items as input tot,
‘s’ function. This is LISP syntax for substituting the value of a variable into the list beis
sent as a command, for example if the variable ‘scrt _ara’ has the value ‘b’ and the varisf
‘angle’ has the value 315, then

(s (FILL ,scrt__ara ,angle))
in line 3 of the disp _direction function does the same thing as typing

FILL b 315

directly as a command.

For the first three examples, the LISP functions are written with the lines numbered f
explanation (normally LISP has no line numbers). The fourth example has comments a
line labels following the semicolons. In contrast to the first three examples, LISPH
commands are on a minority of the lines due to the calculations and book keeping th]
LISP is required to perform.

1. Sample LISP function to generate Fig. 3

Typing (fig example 3) as a LISP function call will generate Fig. 3. The functi
calls at the end that generate the annotation and control the display device are included o
in this example, to show how they are used. Every use of the function ‘s’ below invokes?
LISPIX command. The commands in upper case are explained in the text. Those in lowe

cdse are associated with a particular display device or with programming detail and are i
covered in the text.

1 (defun fig example 3 ()
2 (s ‘(dir “sys$image:[brim.epma.wds.cr _ 8mar85]”))
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(s ‘(get 2 cr400yc.dat))

(s ‘(BDR (s ‘(image__bdr))))

(s ‘(FILL b 62))

(s (IDIV 2 b 2))

(s (MEDIAN _FILTER a b 3))
(s “(show 0 b))

(s ‘(lzoom 4))

an
(1abel ‘el _a2) )
(s ‘(annotate 0 14 7X7 median filter)))

LISP beginning of function definition. The name of the function is fig example 3,

and it has no input parameters. Typing (fig_ example_ 3) when in LISP will produce
Fig. 3 on the screen and annotate it.

_ Sets the system default directory for the image file desired.
_ Reads in the image from the disc into image array a.
. Reads the haunding rectangle for the image just read from the disc. In this case, it is

64x64. Then the default bounding rectangle is set to the size of the input image, so
that all succeeding operations operate only on the image area rather than on the entire
512X 512 arrays.

. Generates an array with a constant value of 62. The maximum value of the image is 62

times too large to be displayed.

| Divides the image, or scales it for display. The scale command is not used in this case

because the scale command sets the minimum image pixel value 1o zero. Here, we
desired the minimum pixel value to retain its true relative value.

. Performs median filter on image in a and puts the result in b. The width parameter is
3, thus a pixel at (x,y) in the result image in b is the median of all af the nivale A7 -

. Display the result of the median filter operation.
. Zooms the image from quarter size to full size on the display.
. Generates a grey scale ramp for contrast enhancement. This a separate entire L.

funcrion, using several specialized display commands that are not discussed in th
paper.

Annotates the image display with the given label and other information including the
time of day. This is another separate LISP function that again uses specialized display
commands.

More display annotation giving a description of the image.

2. Example LISP function to generate Fig. 44

Typing (F44) as a LISP function call will generate the Fig. 44 in an image array. The

commands that display the figure and annotate it have been removed for simplicity.
1 (defun F44 ()

— O \C 00 N N WY AW

it et

(s ‘(BDR))

(s ‘(FILL a))

(s “(circle_ fill a 255 255 200))
(s (DISTAMP ab 11))

(s “(copy b a))

(s {GRADS a b ¢))

(disp__ direction ’c b ’d ’e 1)
(s “(scale b c))

(get__ graphics)

(s ‘(overlay ¢ f d BW))
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the figure and put it in array d.

. Resects the default bounding rectangle to the full image size. (Not necessary if sys‘

has just been started.)

. Initializes array a to zero. (Not necessary if system has just been started.)
. Generates a disc shaped mask with radius 200, centered in the middle of the i,

array.

. Calculates the distance map for the disc. A mesh plot of this object (the values of

distance map) is a cone with the apex centered on the image.

. Moves the object to array a, merely for convenience.
. The direction of the gradient is put in ¢. This is the function that is to be displaygg -
. This is a separate LISP function, described below, that displays the direction of t

gradient of the image generated in step S5, and stores the same result in array b
further manipulation.

. Scales the display to full intensity (0-235 rather than 0-180)
. Separate LISP function to generate the graphics: the heart shape and the axes,

graphics are put into array £ for subsequent use by the overlay command, which Wi
combine the graphics with the image to make the composite figure.

Combines the graphics in £ with the image of the direction of the gradient in ¢ forg,
final figure, left in d (which is actually displayed and photographed later). The By
option on the overlay command writes the graphics, as white with a one-pixel-widj
black border, on top of the image. This border makes the graphics visible regardless 04
the shade of the underlying image.

Example LISP function 10 scale values of direction in degrees 10 make an intuitive display
Since this sequence of commands is useful for several projects, it is written as a functig

itself, and incorporated into the above function, line 8.

1
2
3
4
5
6
7
8
9
0

1

1.

2.

(defun disp__direction (in__ara out__ara scrl_ ara scar2 ara)
(let= ((angle 315))
(s (FILL ,scr2 _ara ,angle))
(s (ISUB ,in__ara ,scr2__ara ,out__ara))
(s (THRESH ,out_ ara ,scrl _ara —360 —1))
(s (SCALE .scr2 ara ,scr2 ara 360))
(s ‘0ADD ,scr2_ ara ,out ara ,out ara))
(s (FILL ,scr2_ ara 180))
(s ‘O0SUB ,out__ara ,scr2 _ara ,out _ara))
(s ‘(IABS ,out__ara ,out _ara))))

LISP definition of the function that takes the direction of the gradient (in in__ara, whit
has the letter designation of the array of that image), and generates the specially scaled
version (in out ara), and as side effects, destroys the contents of two scratch array
(scrl__ara and scr2_ ara).

Defines the angle corresponding to zero intensity. This particular value, 315°, makes tit!
apparent illumination come from the upper left.

3-10. Computation steps to scale the image as described.

4.

LISP functions used in the automatic threshold selection algorithm, in Example S of the st
Most image analysis problems are more complex than the above three examples in th

the algorithm involves more than a fixed sequence of commands. Usually, information fro
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. cdiate processing steps determines the subsequent steps and LISP lends itself to
intern? ing that information. Further, the programming environment that LISP presents
orciﬁmtes testing and debugging. .
a This fourth example demonstrates one of the simpler analysis functions in use, and is
enough to show some advantages of using LISP. It required the writing of the

comg:;{ort LISP functions shown below. The example includes a few preprocessing steps
z;liwed by a search involving calculation of the distance map for different thresholds.

Initially; the exam4 function determines the size f)f the imglge, apd then a smaller

resentative central area in which to work. The gradient of the image is taken, and then a
rineral binary search function is called. This search function is given the name of the width
function which, in turn, uses a third function (twice, if necessary) to give LISPIX the
Jistance map command and to tell the binary search function whet.her the current thresho?d
is too large or 100 small. This third function keeps track of previous calculations to avoid
repeating them. To write much of this procedure in other languages such as FORTRAN
would be tedious at best.

The three LISP functions written for this example are shown below and are labelled to
the right to correspond to the comments that follow them. Several general purpose
functions are used by this code but are not shown.

The function exam4, the top level function in this example, is called by higher level
functions that automatically select thresholds for images with .sharply defined objects, as
discussed in Example 5 in the text. Exam4 calculates the gradient (line B3) of such images
so that edges now become the objects. Exam4 then repeatedly calculates the distance map
for various thresholds to find the one at which, when decreased by one, the half-width of
the widest object (edge) increases from one to two pixels. As mentioned in the text, this
gives an adequate number of edge pixels for subsequent calculations while keeping the
edges thin. For example, consider the magnitude of the gradient image in Fig. 22. At a
threshold equal to zero all pixels are ‘edge’ pixels, while at a threshold equal to the
maximum value of the gradient, only the brightest pixels are ‘edge’ pixels. The desired
threshold lies between these extremes. The binary search function (Knuth, 1973) repeatedly
cuts the threshold search range in half until it finds the desired threshold value.

(defparameter *wscr tbl* nil A

“scratch space for storing DISTAMP results™)

(defun exam4 ;B
“pick grad thresh ... chooses a threshold for narrow objects.
Assumes image in array a. Uses arrays b, ¢ and d.
The test bdr is the centre area of the image.”

(let *((image_ bdr (s ’image _bdr)) ;size of image ;B1
(dummy (s ‘(bdr ,image bdr))) ;set default bdr to image size ;B2
(dummy (s ‘(grada a b))) ;gradient of image into array b ;B3
(edge (fourth image bdr)) sheight (and width) of image, pixels
(test__bdr (bdr__expand image bdr (round edge —5))) ;BS
(max_ grad val (cadr (assoc 'max (s ‘(limits b)))))) ;B6

(s “(copy b c)) ;keep b for display. Work on array c.

(fil__bdr_ outline c test__bdr 0) ;B8

(setq *w__scr__tbi* nil) ;Initialize scratch area for x_w__ fun

(binary _search (0 ,max_grad val) :B10

1 ;B11
’width _function ;B12

#<))) ;B13
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(defun width _ function (thresh)
(fet* ((vl (x w fun thresh}) ;Max of distance map value for thresh.

(v2 nil)) .w1ll be same as vl but for ¢ thresh —1.

(cond ((> vl 13 2% :1f V1 too large, return 2

(t(setg v2(x w fun(i— thresh)’;;V1 may be ok. Get vZ.
(cond ({> v2 10 1) ;1f V2 ok, return 1.
(1 0)))5)) ;O0therwise, return 0.

(defun x w fun (threshold;
(iet> {{temp nil)}

Bl

Bs.

(cond { {assoc threshold *w scr thl*
(cadr iassoc threshold =w  scr thl=) 3}
(1 s ‘fciistmajc- ¢ d threshold 32767
(set¢ temp [ — {cadr (assoc ‘may
setg *w  scr tbix (cons {(iisi thresnoid ﬂnp
remp i

;a}culatia distancs mav

scr thivh

Notes on lines of LISP functions

This statement defines a scratch area (width scratch table} for temporary storage g
results of the width function which may be used later (D2 and D3).

Exam4 is the top level function that returns a value for the threshold of the imagej
¢. As mentioned in Example 5 of the text, this threshold is used to generate a mag
(of edges) from the gradient image in ¢, which in turn is used to select edge pixe
from the 0r1gma} image in a. The threshold for distinguishing the two metailic phag
in image 2 is the average of the edge pixels thus selected.

The LISP let~ construct assigns values sequentialiy to the variables image b,
dummy. edge, test bdr and max grad val. The value for ‘dummy’ is not us
later, bui the LISPIX commands BDR and GRADA need to be given befor
max_grad val can be given the maximum value of the gradient.

Bdr__expand is a function that expands or, in this case, contracts the boundary ofs,
given bounding rectangle by the given amount of pixels. Round is a LISP functio
that gives a rounded value of the edge (dimension of the image; divided by 5. Th
algorithm presently works on the centre 64% arzz {each edge reduced by 20%) of t
image to save time and avoid anv blurring or distortion at the image boundaries.
Max grad val is the maximuam: value of the gradiens 1mdge mem te devault be
giver: by baf expand aboy ne threshold being sez ¥
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(B13) with mcrbasmg threshoid in this case.

This width function, used by the binarv search function above, gives the width of
widest object in the gradient image, when the threshold is set to the value of U
variable, thresh. The maximum width being sought is three pixels, that is a centrd
pixel plus one on each side. The width function returns 1 if thresh gives this widd
and (thresh —1) gives a greater width. The width function returns 0 if thresh is 1
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jarge and 2 if thresh is too small. If necessary, this function calls the auxillary width
function (D) twice (C1 and C4). .
This is an auxilary width function that calculates the distance map of ghe gradient
image in ¢ at the given threshold. Due to the searching strategy of the binary search
function and the width function, the value for this auxillary function may be required
more than once for any given threshold. Since calculating such values is time
consuming, they are stored in the scratch area, *w_ scr  tblx, along with the
corresponding threshold (D6), as a list: ((thresholdl widthl) (threshold2 width2)
_..). If a width for any particular threshold is required later (D2) it is retrieved from
the list using assoc, a built-in LISP function used here to search the scratch area
using the threshold value as a key. The value returned by this auxillary function is,
then, either a previously stored number (D2, D3) or a newly calculated number (D5,
D7).





